Legionella pneumophila, an intracellular parasite of macrophages and protozoa, requires iron for extra-and intracellular growth. In a new screen of a mutant library of L. pneumophila for strains defective for growth on agar media lacking supplemental iron, seven mutants were obtained. All of the mutants had a disruption in the cytochrome c maturation (ccm) locus; two had insertions in ccmB, two in ccmC, and three in ccmF. The ccm mutants were unable to multiply within macrophage-like cells (i.e., U937 and THP-1 cells) and Hartmannella vermiformis amoebae. A competition assay in A/J mice revealed that ccm mutants are severely defective for growth within the lung. Taken together, these data confirm that ccm and cytochrome c maturation proteins are required for L. pneumophila growth in low iron, intracellular infection, and virulence.
Introduction
The genus Legionella includes 50 species of aquatic, Gram-negative bacteria [1] [2] [3] . Legionella species, particularly L. pneumophila, are the etiologic agents of LegionnairesÕ disease [1, 4, 5] . In the aquatic environment, the legionellae exist free, in biofilms, and as intracellular parasites of protozoa [6] [7] [8] [9] . Following entrance into the human respiratory tract, the organisms efficiently invade and replicate in alveolar macrophages in the lung [4, 6, 10] . For some time, it has been known that iron is critical for L. pneumophila replication, intracellular infection, and virulence [11] [12] [13] [14] [15] [16] . Additionally, iron may promote Legionella persistence in water and resistance to biocides [17] [18] [19] [20] [21] [22] [23] [24] . Nonetheless, the mechanisms used by L. pneumophila to acquire iron and to grow in low-iron conditions are only beginning to be understood. Contrary to the results of early studies [25] [26] [27] , L. pneumophila does produce a siderophore, which has been designated legiobactin [28] . A similar type of iron chelating activity exists in many of the other Legionella species [29] . Other factors implicated in L. pneumophila iron acquisition include the ferric uptake regulator (Fur), ferric reductases, the FeoB ferrous iron transporter, and the products of the iraAB locus [11, 26, [30] [31] [32] [33] [34] .
Following a random mutagenesis screen for mutants hypersensitive to the iron chelator ethylenediaminediacetic acid (EDDA), we previously observed that L. pneumophila strains containing mutations in the cytochrome c maturation gene ccmC have a significantly reduced efficiency of plating on low-iron buffered charcoal yeast extract (BCYE) agar [35, 36] . The ccmC mutants were also dramatically impaired for intracellular infection of a human macrophage-like (U937) cell line and aquatic Hartmannella vermiformis amoebae [36] . The infectivity defect in the U937 cells was exacerbated when the macrophage monolayers were treated with the iron chelator desferrioxamine, suggesting that L. pneumophila ccmC mutants are impaired for extracellular and intracellular iron acquisition [36] . Genetic complementation analysis confirmed that ccmC is required for L. pneumophila cytochrome c production, growth on lowiron media, and in vitro intracellular infection [36] . Sequence analysis of the region around ccmC in L. pneumophila strain 130b identified analogs of all the ccm genes typically found in Gram-negative bacteria; i.e., ccmA-H [36, 37] . Thus, it has been unclear from past work as to whether a complete cytochrome c maturation system (e.g., multiple ccm genes) as opposed to the CcmC protein is required for L. pneumophila growth in low iron and in host cells. In the present study, a new screen for mutants having growth deficiencies on a low-iron containing medium uncovered strains containing insertions in ccmB, ccmC, or ccmF. Besides behaving similarly for in vitro growth, the new ccm mutants displayed a severe replication defect following inoculation into the mammalian lung, signaling the importance of cytochrome c maturation proteins for L. pneumophila pathogenesis.
Materials and methods

Bacterial strains, media, and extracellular growth conditions
The virulent L. pneumophila strain 130b (ATCC BAA-74, also known as Wadsworth or AA100) was used for generating a population of mutant bacteria and subsequently served as the wild type control [38] . NU208, NU257, and GE193 are previously described mutants of 130b that contain mini-Tn10 insertions in ccmC [36] . L. pneumophila strains were routinely cultured on BCYE agar for 3 days at 37°C, with chloramphenicol (3 lg/ml), kanamycin (25 lg/ml), and sucrose (5% w/v) added when appropriate [36, 39] . To monitor the general growth capacity of strains, bacteria were inoculated into buffered yeast extract (BYE) broth, and replication was assessed by measuring the optical density of cultures at 600 nm [36] . To assess bacterial growth under low iron conditions, the legionellae were tested for their efficiency of plating on BCYE agar that lacked a ferric pyrophosphate supplement [34, 36] . After growing for three days on standard BCYE agar, bacteria were suspended in water to a comparable optical density and then replated in duplicate on BCYE agar and BCYE agar lacking its iron supplement [36] . The numbers of CFU on the two types of agar were compared after various periods of incubation. In order to monitor siderophore expression, strains were grown in iron-deplete, chemically-defined medium, and culture supernatants were tested in the chrome azurol S assay [28] .
Construction and screening of a L. pneumophila mutant library
Strain 130b bacteria were electroporated with miniTn10 -containing pEH40 as previously described [32] . Transformants were plated onto standard BCYE agar, and after 3 days of growth, isolated colonies were struck using a toothpick onto normal BCYE and BCYE lacking ferric pyrophosphate. The growth of mutant bacteria relative to wild type on BCYE vs. low-iron BCYE was judged after incubation for various periods of time at 37°C. By this method, the previously described the ccmC mutant NU208 was defective; i.e. its streak on low-iron required three days of incubation in order to achieve a level of growth that was comparable to that shown by wild type in one day. A similar second round of screening was performed to identify those mutants that were reproducibly defective for growth on low-iron BCYE agar. Mutant bacteria of interest were then struck for isolated colonies on standard BCYE, and the resultant growth stored in the freezer.
DNA analyses
To assess the number and location of mini-Tn10 insertions within L. pneumophila strains, genomic DNA was digested with EcoRI or HindIII, electrophoresed and blotted onto Nylon membrane, and then hybridized with a Digoxigenin-labeled probe [32] . The probe DNA specific for the mini-Tn10 kanamycinresistance gene was PCR amplified from pMB2190 with primers OR50KAN (5 0 -AGGTAGCGTTGCCAAT-GA-3 0 ) and OR51KAN (5 0 -GATGCGTGATC-TGATCCTTC-3 0 ). To precisely define the site of the mini-Tn10 insertions, inverse PCR was used as previously described [40] , and reaction products were sequenced using a BigDye terminator cycle sequencing reaction (Perkin Elmer Applied Biosystems, Foster City, CA.). Three of the strains analyzed (i.e., NU296, NU297, NU298) failed to give an inverse PCR product. Since the other four strains proved to have insertions with the ccm locus (see below), standard PCR was performed using a series of primers specific for ccm genes. When the mini-Tn10 TN10.2 (5 0 -CCTTAACTTAA-TGATTTTTAC-3 0 ) primer was combined with a primer specific to either the region upstream of ccmF, CCME1 (5 0 -TGGAGGTATGGTGGAAGC-3 0 ), or the region downstream of ccmF, CCMG4 (5 0 -CCTTCTC-TTGCGAGTTGC-3 0 ), a product was obtained. Primer synthesis as well as automated sequence analysis of PCR fragments on an ABI Prism 373 DNA sequencer (Applied Biosystems) was performed at the Biotech facility at Northwestern University Medical School.
Cytochrome c assays
As before [36] , the presence of c-type cytochromes within L. pneumophila was determined by examining cell lysates for a protein species that retains heme staining upon denaturing SDS-polyacrylamide gel electrophoresis [41] . The classical Nadi assay was then used to detect cytochrome c-dependent aerobic respiration [42] [43] [44] . Toward that end, L. pneumophila colonies grown for three days on BCYE agar were submerged for 15 s with a freshly prepared 1:1 mixture of 1% a-naphtol in 95% ethanol and 1% N,N-dimethyl-p-phenylenediamine monohydrochloride in water, and then the plate was drained and exposed to air. In a positive cytochrome c oxidase reaction, colonies stain a deep-blue color, whereas Nadi-negative colonies remain white [42] [43] [44] .
2.5. Intracellular infection of macrophages and amoebae by L. pneumophila U937 and THP-1, human cell lines that can be differentiated into macrophage-like cells, served as hosts for in vitro infection by L. pneumophila [36, 45, 46] . Monolayers containing 10 5 macrophages were inoculated with approximately 10 5 CFU, incubated for 2 h to allow bacterial entry and then washed three times with media to remove unincorporated bacteria. After 0-72 h of further incubation, serial dilutions of lysed monolayers were plated on BCYE agar to determine the numbers of bacteria per monolayer. For some experiments, 500 lM ferrous sulfate was added to the RPMI tissue culture medium used for the macrophage infections. To gauge L. pneumophila growth in protozoa, H. vermiformis were infected as before [36, 47] . Thus, 10 4 CFU were added to wells containing 10 5 amoebae, and then, at various times post-inoculation, the numbers of bacteria within the cocultures were determined by plating.
Pulmonary infection of A/J mice by L. pneumophila
To assess the growth of legionellae in the A/J mouse lung, standard competition assays were performed, as we have previously described [34, 48, 49] . Six to eight week old, female mice (Jackson Laboratories, Bar Harbor, ME) were anesthetized and then intranasally inoculated with 10 6 CFU of a ca. 1:1 ratio of wild type and mutant bacteria, which had been previously grown for 3 days on BCYE agar. At 1 and 3 days post-inoculation, infected mice were sacrificed, and lung homogenates obtained. The numbers of viable bacteria and the ratio of wild type to mutant within the homogenates were estimated by plating 10-fold serial dilutions on both standard and kanamycin-supplemented BCYE.
Results and discussion
3.1. The isolation of new L. pneumophila ccmB, ccmC, and ccmF mutants Previously isolated L. pneumophila mutants (i.e., feoB and ccmC mutants) that had a reduced ability to grow on BCYE agar lacking the standard ferric pyrophosphate supplement were notably impaired for intracellular infection [34, 36] , suggesting that there is a correlation between poor growth on low-iron BCYE and defective intracellular growth. Therefore, we screened a randomly mutagenized population of L. pneumophila 130b bacteria for strains with growth defects on low-iron BCYE agar, with the hope of discovering new infectivity determinants. Upon screening 10,700 clones, seven strains reproducibly showed difficulty growing when transferred by toothpick into a short streak on the low-iron medium. Southern hybridization analysis determined that each strain contained a single transposon insertion, and sequence analysis of PCR products derived from the mutants identified the sites of the mini-Tn10 insertions. Remarkably, all strains had an insertion mutation in the ccm locus, with two (NU292, NU293) mapping to ccmB, two (NU294, NU295) to ccmC, and three (NU296, NU297, NU298) to ccmF (Fig. 1) . To determine whether the mutations in the ccm genes resulted in the loss of a c-type cytochrome, we compared wild type, NU293, NU294, and NU296 cell lysates for proteins that retain heme staining upon denaturing SDS-PAGE. Whereas wild type 130b had a heme-staining protein band, as had been shown before [36] , none of the ccm mutants had such evidence for a c-type cytochrome (data not shown). In support of these data, wild type 130b, but not the NU293, NU294, and NU296 mutants, was positive in the Nadi assay, a test for the activity of cytochrome c oxidase; i.e., cytochrome c-dependent aerobic respiration (data not shown). All seven new mutants grew normally in BYE broth and on standard BCYE agar, indicating that they are not generally defective for extracellular growth. Thus, the cytochrome c branch of the respiratory chain must not be required for L. pneumophila aerobic growth. Such a conclusion fits with the fact that L. pneumophila has a-, b-, and d-type cytochromes, with at least d cytochromes supporting respiration via a quinol-oxidizing branch that is independent of cytochrome c [50-52].
The in vitro growth characteristics of L. pneumophila ccm mutants
To gauge the importance of the entire ccm locus for L. pneumophila growth in low-iron conditions, we determined the efficiencies of plating of the new ccmB, ccmC, and ccmF mutants on BCYE lacking supplemental iron. Significantly, all seven failed to produce any CFU upon incubation for three days on the low-iron medium ( Table  1) . As before [36] , wild type 130b displayed comparable numbers of CFU on BCYE +Fe and BCYE ÀFe at 72 h. After two additional days of incubation, the ccm mutants finally produced colonies on the low-iron medium (Table 1 ). These data indicate that multiple ccm genes, not just ccmC, are critical for the optimal growth of L. pneumophila on low-iron agar media. Similar to our observations, a ccmC mutation impairs the ability of Pseudomonas fluorescens to grow in low-iron conditions and to produce siderophores, and ccmF mutations diminish siderophore expression in Paracococcus denitrificans and Rhizobium leguminosarum [53] [54] [55] . Since none of our new ccm mutants lacked legiobactin expression (data not shown), Legionella ccm may influence an iron-related process that is independent of siderophores.
Indeed, recent studies in P. fluorescens suggest that CcmC plays a role in heme biosynthesis [56] .
To judge the role of the cytochrome c maturation locus in L. pneumophila intracellular growth, we examined the relative ability of the ccmB, ccmC, and ccmF mutants to infect both human macrophage cell lines and fresh water amoebae. All mutants defective for ccmB, ccmC, or ccmF failed to replicate in U937 cell macrophages ( Fig. 2(a) ) and H. vermiformis amoebae (Fig. 3) . That the NU294 ccmC mutant was also impaired for replication in THP-1 cells (Fig. 2(b) ) indicated that our present and past results with macrophages were not peculiar to the U937 cell line. Thus, in addition to ccmC, ccmB and ccmF appear to be required for L. pneumophila intracellular growth. These results, coupled with the complementable behavior of our earlier ccmC a After growing for 3 d on BCYE agar, bacteria were suspended in water to a comparable OD 660 and then replated in duplicate on BCYE agar and BCYE agar that was lacking its normal iron supplement. The number of CFU on the two types of agar were compared after 3 and 5 days of incubation.
b The efficiency of plating of NU294 was determined in a separate experiment from the rest of the strains in the Table. In that experiment, the wild type control behaved similarly to what is shown here. Fig. 1 . Mini-Tn10 insertions within the chromosomes of L. pneumophila ccm mutants. The horizontal black arrows depict the relative size and orientation of the eight ccm genes in L. pneumophila strain 130b. The white horizontal arrow signifies the insertion sequence element, ISLp1, which lies between ccmB and ccmC [36] . The vertical arrowheads show the locations of the mini-Tn10 insertions in the various ccm mutants and the name of the corresponding mutant. Whereas the insertions within NU257, NU208, and GE193 were mapped previously [36] , those in strains NU292 through NU298 were localized in the present study.
mutant [36] , indicate that cytochrome c maturation proteins are required for L. pneumophila intracellular infection. Since depleting host cell iron exacerbated the infectivity defect of a L. pneumophila ccmC mutant [36] , we suspect that the role of ccm in intracellular growth is, at least, partly one of facilitating iron assimilation. In support of this hypothesis, the addition of ferrous sulfate to infected U937 cell monolayers stimulated the growth of ccmC mutant NU294 (Fig. 4) . Whereas the robust intracellular growth of wild type was not enhanced by the supplemental iron, the ccmC mutant showed, for the first time, a significant increase in numbers following incubation within the U937 cell host. Incidentally, the supplemental iron, present at the time of inoculation as well as during subsequent incubation, also increased 10-fold the recovery of both wild type and mutant from the monolayers at the earliest of time points (Fig. 4) . This latter result is compatible with a previous study, which showed that iron replete conditions promote the entry of wild type L. pneumophila into macrophages [14] . Combined, our past and present data remain the only demonstration of a role for ccm in intracellular infection.
The behavior of ccm mutants in an animal model of Legionnaires' disease
The reduced ability of multiple ccm mutants to infect macrophages suggested that cytochrome c maturation proteins are important for L. pneumophila growth in the mammalian host. Thus, the role of ccm in disease was determined by assaying the ability of ccmC and ccmF mutants to infect the lungs of A/J mice, a favored model for Legionella pneumonia [46, [57] [58] [59] [60] [61] [62] . Since wild type L. pneumophila strain 130b is able to grow within the A/J mouse lung [46, 49, [57] [58] [59] [60] [61] [62] , a competition assay was used in which a mixture of wild type and mutant, at sub-lethal doses of 10 6 CFU, were inoculated, and and 72 h post-inoculation, bacterial numbers recovered from the infected monolayers were determined. It should be reemphasized that the first time point was obtained after a 2-h inoculation step, which allowed for bacterial entry into the host cells. Each data point represents the mean and standard deviation for three wells. Significant increases in the number of intracellular NU294 over the value present at 0-h post-inoculation were evident at 48 and 72 h (P < 0.01, StudentÕs t test). 4 CFU of strain 130b (¤), ccmB mutant NU293 (j), ccmC mutant NU294 (m), and ccmF mutant NU296 (s), and then at 0, 24, 48 and 72 h post-inoculation, bacterial CFU per coculture were quantitated. Each data point represents the mean and standard deviation for three wells. Significant differences in recovery between 130b and the ccm mutants were evident after 48 h of incubation (P < 0.001, StudentÕs t test).
then increases in the ratio of wild type to mutant in the lung over time signal a growth and/or survival defect [63] [64] [65] [66] [67] . We have previously used this methodology to examine the in vivo behavior of a variety of L. pneumophila mutants, and the fact that not all of these strains were defective indicates that the mini-Tn10 element used to construct the mutants does not itself diminish the ability of L. pneumophila to persist within the A/J lung [34, 48, 49] . In the present competition assays, the ratio of wild type to mutant increased to approximately 10 by day-1 post-inoculation, for both ccm mutants (Fig.  5) . By 3 days, it was 226 and 215 for the ccmC and ccmF mutants, respectively (Fig. 5) . Taken together, these data indicate that the ccm locus is critical for L. pneumophila in vivo growth/survival and virulence. To our knowledge, this is the first direct evidence for the importance of ccm in an animal model of disease. Wild type 130b and a ccm mutant were introduced into the lungs of A/J mice, and at days 1 and 3 postinoculation, the ratio of wild type to kanamycin-resistant mutant in infected lungs was determined. The top panel compares wild type with the ccmC mutant NU294, whereas bottom panel compares wild type with the ccmF mutant NU296. Data are representative of the actual values obtained per mouse (n = 6), and a solid bar represents the mean value. For both strain comparisons, significant differences were obtained between ratios observed at day 1 and 3 (StudentÕs t test, P < 0.001).
